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ABSTRACT

PALMITOYLATION AND OXIDATION OF THE CYSTEINE RICH
REGION OF SNAP-25 AND THEIR EFFECTS ON
PROTEIN INTERACTIONS

Derek L. Martinez

Department of Physiology and Developmental Biology
Master of Science

Neurons depend upon neurotransmitter release through regulated exocytosis to
accomplish the immense processing performed within the central nervous system.
The SNARE hypothesis points to a family of proteins that are thought to enable the
membrane fusion that leads to exocytosis. The secondary structure of SNAP-25 is
unique among SNARE proteins in that it has two alpha helical SNARE motifs and a
cysteine rich (C85, C88, C90, C92) membrane interacting region but no
transmembrane domain. The cysteines may be modified by palmitoylation or
oxidation but the role of these modifications in vivo is not well understood. Our
goal is to elucidate possible regulatory roles of SNAP-25 that relate to its unique
structure and these reversible modifications. However, the study of SNAP-25 in

reconstituted systems is hampered by a lack of readily available palmitoylated
SNAP-25. A method for in vitro palmitoylation of SNAP-25 by HIP14, a neuronal
acyltransferase, is described along with the application of a biotinylation/
streptavidin assay to verify palmitoylation. Palmitoylation increases the extent to
which SNAP-25 interacts with lipids as observed with an environment sensitive
trpytophan fluorescence assay. Palmitoylation also alters the phase transition of
DPPC lipids differently than unpalmitoylated SNAP-25.This effect on the
membrane may influence fusion events. Oxidation of the cysteine residues may be
responsible for the sensitivity of SNAP-25 to reactive oxygen species. Our data
suggests that, when oxidized, SNAP-25 does not interact with membranes to the
same extent as palmitoylated SNAP-25. This may provide a mechanism for
reducing exocytosis during oxidative stress. Also, oxidized SNAP-25 is not
susceptible to Botulinum Neurotoxin E. The effects of oxidation and
palmitoylation on the protein interactions of SNAP-25 may shed light on its role in
the SNARE complex and membrane fusion.
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Introduction
Exocytosis is the process by which cells release material to the extracellular
environment. Exocytosis may be constitutive or regulated depending on the needs of the
cell but the basic mechanism may be the same in both cases. Many cells use exocytosis
to release chemical transmitters in order to communicate with nearby and distant cells.
Neurons, in particular, depend upon regulated neurotransmitter release to accomplish the
immense processing performed within the central nervous system. Precise control of the
temporal and spatial release of neurotransmitter is critical to synaptic integration, longterm potentiation and depression, and modulation of neural circuits. Some of this
control may occur at the level of membrane fusion. In regulated neurotransmitter
release, several sequential events must occur. The transmitter molecule must be loaded
into a vesicle which then docks with the cellular membrane. A rise in intracellular
[Ca++] is the putative signal that triggers the vesicle membrane and cellular membrane to
fuse and allows release of transmitter molecules into the synaptic cleft or extracellular
fluid. Research aimed at identifying the proteins responsible for accomplishing and
regulating membrane fusion has led to the SNARE hypothesis (see Figure 1).
SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor)
proteins are a family of proteins found on the vesicle (v-SNAREs) or cell membrane (tSNAREs). Current evidence indicates that the v-SNARE is synaptobrevin (syb or
VAMP) and the two t-SNAREs are syntaxin (syx) and SNAP-25 (synaptosomal
associated protein of 25 kDa). All of the SNARE proteins possess one, or in the case of
SNAP-25 two, alpha helical domains that are termed SNARE motifs. When the vesicle
is brought adjacent to the membrane, the close proximity of the v-SNAREs and t-
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SNAREs allows hydrophobic interactions between the four helices to form a stable
coiled coil structure. At the center of the coil is a region of ionic interactions. Both the
hydrophobic and hydrophilic interactions are evolutionarily conserved (Sutton,
Fasshauer et al. 1998). The strength of the coiling is thought to provide sufficient energy
to overcome the energy barriers to the fusion of two membranes (Jeremic, Quinn et al.
2006). After fusion, a host of proteins disassemble the SNARE complex in an ATP
consuming process and the proteins and membrane can be recycled.
The importance of SNARE proteins is underscored by the fact that they are the
targets of potent clostridial neurotoxins (Schiavo, Matteoli et al. 2000). Botulinum
neurotoxin (BoNT) and Tetanus neurotoxin (TeNT) selectively cleave SNARE proteins
and cause paralysis or tetanus by preventing release of neurotransmitter. Between TeNT
and the seven serotypes of BoNT (A through G), syntaxin, synaptobrevin, and SNAP-25
are each targeted.
However, the membrane fusion/exocytosis picture is not as clear as cell biology
textbooks would make it appear. There is debate about nearly every point in the process
and many details are lacking. Docking, intermediate fusion, kiss and run vs. full fusion,
and fusion pores are not completely understood in terms of physiological function and
biophysical mechanisms (see Figure 2). Intermediate fusion states can occur when the
outer leaflet of the vesicle and the inner leaflet of the membrane fuse but the other two
leaflets do not. Kiss and run fusion occurs when the vesicle fuses to the cell membrane
but pinches off before completely becoming part of the cell membrane. Fusion pores are
mediated by proteins and/or lipids that form a pore through which neurotransmitter can
diffuse. The precise protein interactions and lipid conditions that contribute to and
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regulate these different events are not well characterized. Thus, some researchers have
used a reductionism approach to create reconstituted fusion systems in an effort to
elucidate functional and regulatory roles of SNARE proteins, which are generally agreed
to be the minimal machinery for membrane fusion (Weber, Zemelman et al. 1998;
Woodbury and Rognlien 2000).
SNAP-25 is of particular interest because its secondary structure is significantly
different than the other SNARE proteins. Whereas syx and syb have a C-terminus
membrane spanning region and one SNARE domain, SNAP-25 has two SNARE
domains and no transmembrane region. Instead of a membrane spanning region, SNAP25 has a membrane associating domain located between the two SNARE domains (see
Figure 3). This region is cysteine enriched (C85, C88, C90, C92) and is the site of
posttranslational palmitoylation (the attachment of palmitic acid to cysteine residues) in
vivo (Lane and Liu 1997). Palmitoylation is thought to be a mechanism for targeting
proteins to membranes (Gonzalo, Greentree et al. 1999; Loranger and Linder 2002).
Gonelle-Gispert et al. (2000) found that unpalmitoylated SNAP-25 appeared to remain
in the cytosol of insulin secreting cells. Other researchers have suggested that SNAP-25
is targeted to the membrane via syntaxin and that palmitoylation is a requisite for
SNARE complex disassembly following fusion (Koticha, Huddleston et al. 1999; Vogel,
Cabaniols et al. 2000; Washbourne, Cansino et al. 2001).
It is also possible that palmitoylation has a role to play in driving fusion
(Washbourne, Cansino et al. 2001). SNAP-25 has been shown to prefer the boundary
between lipid phases (Chamberlain, Burgoyne et al. 2001; Bacia, Schuette et al. 2004).
Palmitoylation may enhance this preference(Salaun, James et al. 2004; Salaun,
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G.W.Gould et al. 2005). If certain lipid conditions are preferred for fusion to occur,
clustering of palmitoylated SNAP-25 at lipid boundaries could be an important
mechanism for priming the cell to release vesicles either through appropriate docking of
the vesicles or influencing fusion directly, perhaps by inducing changes in the lipid
arrangement. This would also provide a convenient regulatory site on SNAP-25 for
enhancement or inhibition of fusion. Palmitoylaytion is a reversible modification, unlike
its sibling myristolation and lends itself to dynamic control since the half life of
palmitoylation for SNAP-25 is reported to be shorter than the half-life of the protein
Enzymes that mediate the palmitoylation and depalmitoylation of proteins are being
identified and characterized. The subcellular site of palmitoylation is not known. But
palmitoyl acyltransferases are found in secretory pathways of the trans golgi and in cell
membrane microdomains. The regulation of these enzymes may add another layer of
control to the fusion process if various palmitoylation states have a direct effect on
exocytosis.
Interestingly, there are two isoforms of SNAP-25, a and b (Bark and Wilson
1994). SNAP-25b is the predominant form in adult neurons whereas SNAP-25a is the
developmental form (Bark, Bellinger et al. 2004). Shortly after birth SNAP-25b is upregulated and SNAP-25a is down-regulated. The difference between the two is a mere 9
amino acids located in the membrane associating region and adjacent SNARE motif
(Nagy, Milosevic et al. 2005). Among the differences is the rearrangement of two of the
four cysteine residues. The functional implications of this change are not known but
mutation and misexpression studies have shown that the developmental regulation of
these isoforms is important for proper neuron development. Furthermore, on a clinical
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note, genetic analysis has implicated the gene encoding SNAP-25 in Attention Deficit
Hyperactivity Disorder (ADHD) (Mill, Richards et al. 2004). The mutant coloboma
mouse is heterozygous deficient in the SNAP-25 gene and exhibits hyperactivity.
Homozygous gene deficiency is lethal (Hess, Collins et al. 1996). Recovery from
hyperactivity occurs if a SNAP-25 transgene is given to the mouse (Steffensen,
Henriksen et al. 1999). How problems with SNAP-25 may contribute to these specific
signs is not known.
In reconstituted systems, SNAP-25 is no better understood than in vivo. It has
been shown to be necessary for vesicle to vesicle fusion but unnecessary in vesicle to
bilayer fusion.(Woodbury and Rognlien 2000; Bowen, Weninger et al. 2004; Liu,
Tucker et al. 2005) This may be due to the conformation of the lipids (i.e. membrane
curvature or lipid domain prevalence), crowding of SNARE and accessory proteins or
some other reason. Efforts are underway to elucidate why this is the case. An important
step in elucidating the reason for these results is a better understanding of how SNAP-25
interacts with membranes.
It is also important to consider the state of SNAP-25 itself. It is not known how
many of the four cysteines are palmitoylated in vivo but it is generally assumed to be all
four. However, since palmitoylation is reversible and enzymatic alteration of the extent
or duration of palmitoylation is possible, all four may not be fatty acid linked at any one
time. It has been known for years that neurotransmission is reduced when the synapse is
stressed by reactive oxygen species (ROS). Recent studies have suggested SNAP-25 as
a possible redox sensor in neurons. One way ROS could alter SNAP-25 is through
oxidizing free cysteine residues to form disulfide bonds. Any in vitro study of SNARE-
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induced fusion must account for the oxidation or palmitoylation state of SNAP-25.
Bacterial sources of SNAP-25 produce unmodified cysteines that are susceptible to
oxidation and reduction but are not palmitoylated. In vitro palmitoylation of SNAP-25
has been reported by reacting palmitoyl Coenzyme A with purified protein but it is not
very effective. Mammalian sources are assumed to be palmitoylated but, again, the
extent thereof is not certain and, if palmitoylation is dynamic, may be variable. Also,
mammalian sources produce a much lower yield of purified protein than bacterial
sources. A reliable method for palmitoylating bacterially expressed SNAP-25 would be
much more efficient. This work aims to produce verifiably palmitoylated SNAP-25
using an Escherichia coli expression system and to examine the effects of palmitoylation
on membrane interactions that may shed light on SNARE driven exocytosis and its
regulation.

Materials and Methods
Chemicals
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise
noted.
Buffer G: 150mM KCl, 50 mM Tris, pH 7.0
Buffer D: 150mM NaCl, 50mM Tris, 2mM EDTA, 1% Triton, pH 7.4

Bacterial expression of proteins
GST linked proteins were expressed and purified from Escherichia coli using
published methods (Weber, Zemelman et al. 1998) with the following modifications:
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during culture, additional ampicillin was not added every hour; cells were induced with
0.3mM IPTG and grown overnight; AEBSF protease inhibitor replaced PMSF. The
pGEX GST-HIP14 construct was a gift from Kun Huang and Dr. Alaa El-Husseini
(University of British Columbia, Vancouver, BC). The construct was inserted into
Select 96TM competent cells (Promega, Madison, WI) according to the manufacturers’
standard transformation protocol. HIP14 was purified as described above but in the
absence of detergent at all steps.

Preparation of synaptic vesicles
Synaptic vesicles from Rattus norvegicus were purified from whole rat brain as
described in (Huttner, Schiebler et al. 1983; Hell, Edelmann et al. 1991) with the
exception that we used anesthesia overdose followed by decapitation to sacrifice animals
instead of cervical dislocation followed by decapitation. Following initial purification,
additional purification using an S-1000 sizing column was performed to obtain highly
purified synaptic vesicles. Fractions from the column were collected and analyzed using
synaptobrevin antibodies to identify vesicle-containing fractions. SNAP-25 antibodies
confirmed the presence of SNAP-25 in the same vesicle containing fractions.

Oxidation of SNAP-25
Oxidation of SNAP-25 was carried out by the addition of 200mM potassium
ferricyanide (K3Fe(CN)6) or 200mM copper (II) sulfate and phenanthroline to ~0.2
mg/ml SNAP-25 in solution. SDS-PAGE was used to verify oxidation (see Figure 4).
Oxidation produced dimers and oligimers that are visible as high molecular weight
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bands on SDS-PAGE gels that contain no reducing agents. Addition of 3% betamercaptoethanol (β-ME) to the samples resulted in a monomeric band at ~28kDa, the
normal apparent weight of SNAP-25

SDS-PAGE and Western Blot Analysis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (4-20% SDSpolyacrylamide gradient gels) was performed using commercially available equipment
and protocols (Pierce, Rockford, IL). For Western blots, protein was transferred to
polyvinyl difluoride (PVDF) membranes or probed in 96 well plates and developed
using the chemiluminescence West-Femto and/or West-Pico procedure (Pierce,
Rockford, IL). Antibodies were obtained from commercial vendors (Pierce, Rockford,
IL; Alamone Labs, Jerusalem, Israel). Final images of membranes or wells were
recorded with the FluorChem 8900 system (Alpha Innotech, San Leandro, CA).

Botulinum neurotoxin Treatment
Botulinum neurotoxin type E (BoNT/E) was used to clip SNAP-25 according to
published procedures (Foran, Shone et al. 1994) as modified by Dr. Ward Tucker
(personal communication) with the exception that pre-induction was not necessary
because BoNT/E recombinant light chain toxin was used (BB Tech, Boston, MA).
Additional changes include: elimination of NaCl, HEPES, and detergents; a final [ZnCl2]
of 150mM; a final [DTT] of 30 mM; and a final [BoNT/E] of ~ 600 nM. Cleavage was
confirmed by the appearance of a lower molecular weight SNAP-25 fragment visible
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below the intact SNAP-25 band on SDS-PAGE analysis under reducing conditions (see
Figure 5).

Palmitoylation of SNAP-25
Palmitoylation was carried out in either conical vials or directly in 96 well plates.
Briefly, 0.2mg/ml SNAP-25 was incubated with 130µM Palmitoyl CoA and 60pM
HIP14. The reaction was allowed to proceed for one hour at 37°C or as listed in
individual experiments. The volume of reagents was adjusted as necessary.

Green assay: Biotin Labeling of SNAP-25
This assay was adapted from (Drisdel and Green 2004; Drisdel, Alexander et al.
2006) and Kun Huang from the El-Husseini Lab (personal communication). Lysate was
prepared at 5-10% dilution in buffer D with 10mM fresh β-ME and added to glutathione
coated 96 well plates (Pierce, Rockford, IL). Negative controls and treatment groups
were treated with 10mM N-ethylmaleimide (NEM) in buffer G and positive controls
with buffer G only. Wells were washed several times with running water. All wells
then received 1M Tris (controls) or 1M hydroxylamine in 1M Tris (to remove palmitic
acid from cysteines). After a running water wash all wells received 5µM Biotin-BMCC
(Pierce, Rockford, IL) in buffer G and were washed again with water. A 1:100,000
dilution of 5.0mg/ml Streptavidin-HRP conjugate (Pierce, Rockford, IL) in 1% BSA was
added then washed away with water. Chemiluminescent detection with West-Femto
and/or West-Pico procedure (Pierce, Rockford, IL) using the FluorChem 8900 (Alpha
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Innotech, San Leandro, CA) imaging system. The steps are summarized in Figure 6 and
the full protocol with additional details is given in the Appendix.

Differential Scanning Calorimetry (DSC)
Samples of SNAP-25, palmitoylated SNAP-25 and DPPC vesicles were prepared
and DSC scans were kindly provided by Calorimetry Sciences Corp. (Lindon, UT).
Briefly, 15µl of sonicated dipalmitoyl phosphatidylcholine (DPPC) in 695µl of buffer
(final concentration 0.1mg/ml) was used for lipid only scans. For protein-lipid scans,
15µl of SNAP-25 (final concentration 0.01mg/ml) were added to 15µl DPPC and
brought to a final volume of 695µl. Samples were scanned from 20 to 95°C at a heating
rate of 1°C/min using a Nano-DSC III (Calorimetry Sciences Corp., Lindon, UT).
Capillary cells were pressurized to 3 atm, volume 300µl, with matched buffer in the
reference cell.

Tryptophan Fluorescence Assay
100µl samples of SNAP-25, oxidized SNAP-25, or palmitoylated SNAP-25 were
loaded into quartz cuvettes containing 2ml of 150mM KCl. The sample was excited at
270nm and emission was scanned from 300nm to 450nm using a photon-counting
spectrofluorometer (Fluoromax, Jobin Yvon, Edison, NJ). Lipid vesicles composed of
phosphatidylethanolamine (PE), phosphatidylcholine (PC), and phosphatidylserine (PS)
(PE:PC:PS, 2:1:1; 10mg/ml) were prepared, sonicated, and added in 1µl increments.
Peak emission was determined using a Gaussian non-linear regression fit to the raw data
(GraphPad Prism software, San Diego, CA).
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Nystatin/Ergosterol Assay
Planar lipid bilayers were prepared as previously described (Woodbury 1999).
Proteins, in this case syntaxin, were reconstituted by brushing <0.5µl of the proteincontaining solution on the bilayer as described (McNally, Woodbury et al. 2004).
Synaptic vesicles were modified for use in the assay by adding the antifungal agent
nystatin to act as an ion channel to detect fusion. This is done by mixing together
synaptic vesicles and nystatin/ergosterol vesicles through repeated freeze/thaw/sonicate
cycles as described in (Woodbury 1999). Nys/erg vesicles are composed of a 2:1:1:1
mol ratio of phosphatidylethanolamine (PE), phosphatidylcholine (PC),
phosphatidylserine (PS), and ergosterol.

Results
Development of Green assay to measure palmitoylation of SNAP-25
An in vivo palmitoylation assayed based on biotin labeling (Drisdel and Green
2004; Drisdel, Alexander et al. 2006) was adapted for use in an in vitro setting. Initial
experiments indicated that the assay would be a useful tool for evaluating, and perhaps
quantifying, palmitoylation of SNAP-25. Figure 7 shows successful application of the
biotin-BMCC labeling assay. The assay relies on the ability to covalently modify the
cys residues of SNAP-25. Non-palmitoylated cysteines are first blocked with NEthylmaleimide (NEM) and then the palmitate on the remaining cysteines is removed by
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hydroxylamine and replaced with a biotin linked molecule (Biotin-BMCC). A simple
biotin-streptavidin protocol is then used to produce a chemiluminescent signal that
represents palmitoylation.
Adapting the assay for in vitro use required several key changes. At first,
glutathione coated beads were used, but due to the variability in bead retention during
wash cycles they were abandoned in favor of glutathione coated 96-well microtiter
plates. This greatly simplified the washing procedures and decreased the time necessary
to complete the assay. The capacity of GST-SNAP25 binding to the glutathione wells
was tested using serial dilutions of SNAP-25 lysate. The optimal concentration was
found to be 50-100ng/well (corresponding to a dilution of 1:10 or 1:20) since this
allowed for maximum binding and a relatively short incubation period (see Figure 8).
In initial experiments with the assay the signal appeared to be lost in the noise of
very faint chemiluminescence. Two possible explanations were considered: oxidation
of SNAP-25 blocked the cysteines and prevented the assay from functioning properly or
GST-SNAP25 was being lost from the wells thus reducing the available signal.
To prevent and reverse oxidation, small amounts of the reducing agent betamercaptoethanol (β-ME) were added to the lysate incubation step and/or during other
steps. This resulted in a brighter signal but did not seem to improve the signal to noise
ratio. Furthermore, the positive controls and negative controls would occasionally come
out looking the opposite of what was expected. We were concerned that oxidation
proceeded rapidly and prevented NEM and Biotin-BMCC from modifying the cysteines.
To assess whether a loss of bound GST-SNAP25 from the wells during the assay
accounted for some of the observed variability, bound SNAP-25 was measured with an
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antibody at each step of the assay. As seen in Figure 9, the amount of SNAP-25 in the
wells did not diminish during the assay, even though several of the steps involved
extensive washing of the wells.
Given the concern over oxidation of SNAP-25 providing false readings
(especially false negatives) and the observation that β-ME increased the
chemiluminescent signal we attempted an experiment in an oxygen depleted nitrogen gas
chamber. This would allow us to avoid oxidation and test the effect of β-ME on the
other reagents. The results, however, suggest that oxidation is not the cause for the
increased signal seen when β-ME is used in an attempt to reduce disulfide bonds. In this
experiment the addition of β-ME caused a major increase in signal despite the lack of
oxidation by oxygen. β-ME is likely causing unknown chemistry on the cysteine or
maleimide group of the reagents. The increase in brightness of the negative controls
could be explained if the β-ME is removing NEM from SNAP-25, however this does not
explain the increase in the signal of the positive controls.

Palmitoylation of SNAP-25 by HIP-14
The presence of palmitate on the cysteine residues of a protein can be confirmed
by blocking free cysteines and replacing palmitate with biotin-BMCC. The biotin can
then be bound with streptavidin that is conjugated to horseradish peroxidase and viewed
as a chemiluminescent signal upon the addition of peroxide substrate. Figure 7 shows a
Green analysis of SNAP-25 incubated with HIP14 and palmitoyl Coenzyme A. The
chemiluminescent signal from the biotin labeling confirms the occurrence of
palmitoylation. A subsequent time course, shown in Figure 10, of the activity of HIP-14
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suggests that within 45minutes the reaction has reached completion. Time course
studies at 37°C and room temperature gave some conflicting results that may have been
due to SNAP-25 oxidation. Nevertheless, it is expected that the enzyme may function
best at physiologic temperature and pH.

Susceptibility of SNAP-25 to Botulinum Neurotoxin E
The use of Clostridial neurotoxins to modify/inactivate SNARE proteins is
common. We evaluated Botulinum neurotoxin E (BoNT/E) effectiveness for use with
our purified and modified SNAP-25. As shown in Figure 11A, BoNT/E clipping of
SNAP-25 proceeded rapidly (t1/2 ~ 5 min) and nearly to completion (75% in 60 minutes)
whereas oxidized SNAP-25 was resistant to cleavage (20% in 60 minutes). However,
the rate at which the neurotoxin acted did not vary between redox conditions. Clipping
was not observed in control samples lacking active toxin. BoNT/E clipping of
palmitoylated SNAP-25 is an ongoing project by others in the lab

Membrane interactions of palmitoylated and oxidized SNAP-25
SNAP-25 binding to membranes was quantified using a tryptophan (trp)
fluorescence assay. The amino acid tryptophan fluoresces in an environment sensitive
manner, with its peak fluorescence shifting as a function of the aqueous or hydrophobic
nature of its environment (Beechem and Brand 1985). Peak excitation of trp occurs at
270-280nm. Emission will peak at 350nm (28571cm-1) or 335nm (29851cm-1)
depending on the hydrophobic or aqueous nature of the environment. There is only one
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trp residue (W105; see Figure 3) in SNAP-25 and it is conveniently located adjacent to
the cysteine
rich palmitoylation sites implicated in membrane binding. Thus, trp emission can be
used to infer the extent of membrane binding of the membrane associating domain of
SNAP-25.
As shown in Figure 12A, addition of lipids to unmodified SNAP-25 causes the
peak trp fluorescence to shift from 28960cm-1 to 28700cm-1. The direction of shift
suggests that in solution SNAP-25 may be folded such that the trp residue is buried
within a hydrophobic pocket but when the protein interacts with membranes the trp
becomes more exposed to the solution. Palmitoylated SNAP-25 initially gave a similar
peak signal at 28930 cm-1 but upon addition of lipids shifted in the opposite direction to
a peak at 29340 cm-1 (Figure 12B). In solution, palmitoylated SNAP-25 would be
expected to fold such that the hydrophobic fatty acid(s) are buried within a hydrophobic
pocket, therefore, the unchanged initial peak is consistent with the cysteines in the
unpalmitoylated protein folding similarly. The shift in the opposite direction with
addition of lipids is indicative of an increasingly hydrophobic environment around the
tryptophan. Figure 12 also shows the appearance of saturation in the shift which is
indicative of a protein-lipid interaction.
As seen in Figure 12B, oxidation of SNAP-25 shifts the initial (no lipid) trp peak
fluorescence, but renders it insensitive to lipids. The initial peak fluorescence is at
28600cm-1 and shifts slightly to 28530cm-1. This suggests a more hydrophilic initial
environment but shows very little change in the presence of lipids. These observations
may be due to intra- or intermolecular disulfide bond formation causing unfolding of the
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protein or the aggregation of multiple SNAP-25 molecules. The lack of a saturation
curve may indicate that, when oxidized, SNAP-25 is unable to associate with lipids.
This assay cannot determine the individual effects between intra- and intermolecular
disulfide linkages but the formation of either one of these classes is possible.
The effects of SNAP-25 on lipids can also be measured using differential
scanning calorimetry (DSC). Lipids undergo phase transitions at which the arrangement
of the head groups and tails changes resulting in increasing or decreasing order in the
arrangement of the lipids. DSC can measure the temperature at which this phase
transition occurs. Since the phase or order of the lipids may have an effect on the
fusogenicity of a system, (similar to the implication that membrane domains may be
important for exocytosis in vivo), we wanted to observe the effects of adding SNAP-25
on the phase transition of lipids. In the case of DPPC the known transition temperature
is ~41°C with a pre-transition at ~37°C. A change in the transition temperature is
indicative of a change in the properties of the lipids. As seen in Figure 13, when SNAP25 was added to the DPPC lipid preparation the transition temperature was decreased by
0.25°C and the pre-transition was abolished whereas palmitoylated SNAP-25 caused an
increase in the transition temperature.

The effect of SNAP-25 in bilayer fusion
The variability between in vitro fusion assays that measure vesicle to vesicle or
vesicle to bilayer fusion may be due to simple topological differences or may be due to
slight differences in vesicle composition. The possibility that SNAP-25, present on
native synaptic vesicles, may account for some of the difference was evaluated using a
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bilayer fusion assay. A comparison of the fusion rate for three groups of modified
synaptic vesicles (mSVs) shows that fusion rates drop when synaptic vesicles are further
purified by size exclusion chromatography or are treated with BoNT/E (see Figure 14).
The cleavage by BoNT/E of native SNAP-25 found on rat synaptic vesicles leading to a
subsequent reduction in fusion rate indicate a potential role for SNAP-25 as a v-SNARE.
A recovery experiment in which bacterially derived SNAP-25 and palmitoylated SNAP25 are added to the treatments groups is currently underway by others in the lab.

Discussion
The goal of our research is to identify functional and regulatory roles of SNAP25 that may be mediated by palmitoylation. In order to effectively study SNAP-25 we
aim to develop an in vitro method for palmitoylation, verify said palmitoylation, and
then use the newly modified protein in fluorescence, calorimetry and bilayer fusion
assays in order elucidate the protein and lipid interactions that may be affected by this
posttranslational modification and their effect on function.
The ability to obtain SNAP-25 from bacterial expression systems and then to
palmitoylate the purified protein will make the study of SNAP-25 in vitro simpler and
more physiologically relevant. Until now reconstituted systems have lacked
palmitoylated SNAP-25 thus hampering researchers’ ability to compare results with in
vivo data. HIP14 appears to efficiently palmitoylate SNAP-25 in vitro however, thus
providing a method for obtaining sufficient quantities of modified SNAP-25 for use in
our other assays. Optimization of the palmitoylation reaction is ongoing including the
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evaluation of oxidation as an interfering reaction and the effect of lipids on the extent
and speed of the reaction.
The HIP14 enzyme is able to palmitoylate a variety of neuronal proteins but
SNAP-25 may not be its native target (Huang, Yanai et al. 2004). It is possible that one
or more other palmitoyl acyltransferases acts on SNAP-25 in vivo and could
palmitoylate SNAP-25 specifically or to a different extent. Efforts to quantify
palmitoylation by mass spectrometry of the protease digested protein were not
successful. The signal to noise ratio was poor and the data could not be interpreted. In
the future, cleaner samples may enable mass spectrometry to provide information on the
extent of palmitoylation of SNAP-25 by HIP14. Unfortunately, if all four cysteines are
not palmitoylated, it will be difficult to determine which of the four are modified
because the cysteine rich region is contained in a single fragment after protease
digestion.
The biotin labeling assay is currently only a qualitative measure of
palmitoylation but ongoing experiments have been designed to assess the possibility of
using it as a semi-quantitative or quantitative assay.
The present findings suggest that SNAP-25 may do more than contribute two
alpha helices to the SNARE machinery. Palmitoylation appears to increase the extent to
which SNAP-25 interacts with phospholipid membranes. Future studies will need to
determine which phospholipid systems are most amenable to palmitoylated SNAP-25. It
is possible that SNAP-25 prefers certain lipid systems (i.e. composition and phase) or
that it prefers the boundaries of these systems. The tryptophan assay can be used to
observe the interaction of SNAP-25 with these various lipid systems. Given that
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membrane microdomains are cholesterol and sphingomyelin enriched, SNAP-25 may
prefer membranes that have these elements. In vivo results suggesting that SNAP-25
prefers these “membrane rafts” point to a micro-domain targeting role for
palmitoylation. It is also possible, however, that palmitoylation of SNAP-25 helps to
induce local membrane changes in preparation for exocytosis. The state of the lipids can
affect the ease with which membrane fusion occurs. For example, membrane curvature
can enhance or diminish fusion in reconstituted systems using SNARE proteins (Chen,
Arac et al. 2006; Martens, Kozlov et al. 2007). Our initial differential scanning
calorimetry data indicates that palmitoylated and unpalmitoylated SNAP-25 affect the
phase transition temperature of DPPC lipids differently. The implication is that SNAP25 is able to alter the arrangement of the lipids and thus affect the phase transition. The
decrease in the main transition temperature that occurs in the presence of SNAP-25 is
consistent with the idea that the protein interacts with the head groups of the
phospholipids resulting in a destabilization of the ordered or gel phase of the lipids.
Conversely, palmitoylated SNAP-25 increased the phase transition temperature
suggesting that the ordered phase is stabilized. This is consistent with previous research
showing that palmitic acid stabilizes DPPC lipid ordering. This effect is apparently due
to the packing of the palmitate within the tail region of the DPPC lipids. Results from
our tryptophan fluorescence assay support these DSC data. Trp fluorescence data
indicates that unmodified SNAP-25 interacts only slightly with lipids. The tryptophan
found within the membrane associating region remains near the head groups in a
hydrophilic environment and exhibits a fluorescence shift accordingly. Palmitoylated
SNAP-25 showed a significant shift in trp fluorescence that suggests a greater
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interaction with lipids that pulls the tryptophan residue into a more hydrophobic
environment near the long carbon chains of the membrane interior. Such lipid
interactions by SNAP-25 could augment or diminish the likelihood of membrane fusion,
depending on lipid composition. If SNAP-25 uses palmitoylation to target to or near to
specific membrane domains, palmitoylation may simply be a tag for targeting.
However, if palmitoylation of SNAP-25 results in local ordering of membrane or helps
SNAP-25 find ordered domains, it may suggest that the ordering of lipids is an important
parameter in membrane fusion. Given the differences between artificial and natural
membranes it is unclear if this phenomenon will persist in cells but it does provide an
interesting avenue of research.
Palmitoylation and oxidation may also affect the SNARE complex itself. The
SNARE coiled coil may be more or less stable if SNAP-25 is palmitoylated (or
oxidized) on any or all of the cysteine residues. Circular dichroism can be used to assess
the stability of the SNARE complex alpha helical structure and assays of complex
formation can be used to assess the rate and extent of formation of complex using
palmitoylated and unpalmitoylated SNAP-25. Parallel experiments on SNARE complex
prepared in our lab and sent to Calorimetry Sciences Corp. for DSC analysis imply that
palmitoylated SNAP-25 may increase the stability of the SNARE complex. This is
evidenced by the appearance of a higher temperature melting point of the SNARE
complex containing palmitoylated SNAP-25 than seen with complex formed from
unmodified SNAP-25 (Corporation 2007).
Similar experiments can be conducted using oxidized SNAP-25. The major
problem with oxidized SNAP-25 is the inability to determine if the effects are due to
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intra-molecular or inter-molecular disulfide bonds. This confounds the BoNT/E clipping
data presented herein and potentially all experiments with oxidized SNAP-25. If the
majority of the bonds are intramolecular, the reduced susceptibility to the neurotoxin
may be because SNAP-25 no longer fits the active site of the toxin properly. The
alternative explanation is that aggregation of SNAP-25 prevents the peptidase from
accessing the cleavage site. The physiological likelihood of SNAP-25 aggregation via
disulfide bonds is uncertain but probably low. Additionally, if oxidation conditions are
too harsh, SNAP-25 may undergo extensive oxidation resulting in permanent damage to
the protein that may render it ineffective in functional assays and unusable in SNARE
complex formation and neurotoxin clipping assays thus precluding oxidation studies
from being physiologically relevant. The SDS-PAGE analysis of oxidized and
subsequently reduced SNAP-25 (Figure 4) shows a band with a slightly higher apparent
molecular weight than SNAP-25 normally exhibits. This may be due to conditions that
oxidized residues to the carbonyl state. Extensively oxidized proteins have a larger
Stokes radius and therefore have a higher apparent molecular weight.
The extent of palmitoylation in vivo may be very relevant to the reports of
SNAP-25 as a reactive oxygen species (ROS) sensor. If all four cysteines are in fact
usually palmitoylated, ROS sensitivity by SNAP-25 would not be possible unless it is
sensed initially by another system that in turn activates enzymatic removal of the
palmitate from SNAP-25. This would allow the free cysteines to be readily available
and susceptible to oxidation during subsequent periods of oxidative stress. However, it
is also possible that ROS act on SNAP-25 before it is palmitoylated and thus
accumulates oxidized SNAP-25 in the cell with an altered function. Perhaps an increase
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in the pool of SNAP-25 with un-palmitoylated cysteine residues is a contributory
mechanism to the chronic damage seen during pathological oxidative stress. SNAP-25
that is not palmitoylated may not function properly in either facilitating fusion or, as
some reports suggest, may inhibit disassembly of the wound SNARE complex postfusion.
However, it is possible that not all cysteines are palmitoylated and at any given
time SNAP-25 can at least be partially oxidized. The formation of intramolecular
disulfide bonds in the linker region of SNAP-25 produces a small loop or kink in this
section of the protein. Molecular modeling indicates that there is no steric hindrance to
the formation of disulfide bonds between any two of the four cysteines (data not shown).
Although the cell cytosol is a reducing environment, it is possible to have disulfide
bonds that are protected inside protein or membrane. Molecular modeling also suggests
that the kink shortens the linker region sufficiently to strain the coiled-coil of the
SNARE complex and pull it apart slightly. If oxidation occurs post complex formation
the fusion machinery may stall. Also, this shortening can explain the lack of complex
formation reported by (Giniatullin, Darios et al. 2006) but it does not preclude the
formation of SNAP-25 aggregates as an explanation for their data. In vivo, the interplay
between palmitoylation, de-palmitoylation, and oxidation at various stages of the
exocytosis and recycling processes may allow for regulation in response to oxidative
stress or other signals.
The nystatin/ergosterol fusion assay data suggests that SNAP-25 has a
functionally relevant role as a v-SNARE in at least vesicle to bilayer fusion events using
our system. Possible roles include chaperoning VAMP (preventing aggregation on the
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vesicle) and altering or securing lipid domains, perhaps by sitting at the boundary of
domains (Helrich, Schmucker et al. 2006). A future set of experiments is designed to
determine the effect of oxidation and palmitoylation on SNAP-25 v-SNARE function. If
palmitoylated SNAP-25, but not unmodified or oxidized SNAP-25, recovers the fusion
rate of mSVs that have been stripped of SNAP-25 or treated with BoNT/E, it is likely
that a protein-membrane interaction is the reason rather than a protein-protein
interaction. Alternatively, if oxidation of the SNAP-25 on the vesicles reduces the
fusion rate then palmitoylation may not be the most important parameter.
The palmitoylation and Green assay reported here provide a much needed tool
for the study of the SNARE machinery as a whole and SNAP-25 specifically. The
Green assay may prove only to be qualitative rather than quantitative but will still
provide a relatively rapid, inexpensive method to verify in vitro palmitoylation.
Our data suggests that SNAP-25 lipid interactions are altered by palmitoylation and
oxidation and that these modifications may play a role in SNAP-25s’ function as a vSNARE, t-SNARE and potential ROS sensor. Ongoing and future research will be
designed to shed light on the regulatory mechanisms of SNAP-25 in exocytosis.
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Figures

Figure 1 Cartoon rendering of the SNARE hypothesis. The SNARE complex is composed of the vSNARE protein, synaptobrevin (syb), in the vesicle membrane, intertwined with the t-SNARE
proteins of the target membrane, syntaxin and SNAP-25. A core complex of these three SNARE
proteins can induce fusion in a Ca2+ independent manner
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Figure 2 Types of fusion events. SNAREs are thought to be involved in all of these events. The
fusion pore is drawn asymmetrically to indicate that questions remain regarding whether the pore is
formed by proteins, lipids, or an interaction between proteins and lipids.
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Figure 3 Layout of SNAP-25 secondary structure. SNAP-25 is unique among SNARE proteins, with
two SNARE motifs and a membrane associating domain containing 4 cysteines (red) and 1
tryptophan (blue arrow). The green arrow indicates site of BoNT/E cleavage.
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Figure 4 SDS-PAGE analysis of oxidation. Lane C shows the SNAP-25 monomer as the darkest
band while the appearance of a dimer and oligomers in Lanes A and B shows that SNAP-25 has
been oxidized. Lane B was reduced (5% β-mercaptoethanol) after having been oxidized and the
oligomers are gone but it is still missing the SNAP-25 monomer. However, there is a smear above
where the monomer would appear. We hypothesize that this is due to an increased Stokes radius
resulting from carbonyl formation due to harsh oxidation.
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Figure 5 SDS-PAGE analysis of BoNT/E clipping of SNAP-25. As shown by the white boxes, most
of the reduced SNAP-25 was clipped after 60 minutes, while only a fraction of the oxidized sample
was clipped.
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Figure 6 Steps of the Green Assay. Palmitoylation can be verified by using acyl-biotin exchange
chemistry adapted from Drisdel and Green (2004). The horizontal bar is the cysteine rich region of
SNAP-25 from Figure 3. For convenience, only 3 cysteines are shown as being palmitoylated. NEM
blocks free cysteines, hydroxylamine removes palmitate and biotin then labels newly freed
sulfhydryl groups on cysteines. Streptavidin-HRP enables chemiluminescence detection of biotin
(not shown).
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Figure 7 Biotin BMCC – streptavidin assay for detecting in vitro palmitoylation of SNAP-25. The
chemiluminescent signal indicates the presence of biotin that has displaced palmitate from the
cysteine residue(s) of SNAP-25. The signal is present in both the GST-SNAP25 lane and the SNAP25 lane (after GST is removed by thrombin).
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Figure 8 Optimization of SNAP-25 lysate binding to glutathione coated wells. The graph illustrates that a
10% dilution of SNAP-25 incubated for 20 minutes is an optimal protocol for maximal binding of
the available glutathione sites in the well.
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Figure 9 Western Blot analysis of Green Assay. No protein appears to be lost during the course of
the Green assay. Step 1= lysate binding, Step 2= NEM reaction, Step 3= HAM reaction, Step 4 =
Biotin reaction, Step 5 = BSA (to mimic BSA during streptavidin incubation).
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Figure 10 Time course of palmitoylation. The incorporation of palmitate into SNAP-25 appears to
reach completion in less than one hour. Consistent with published results, a small amount of
palmitoylation may occur in the absence of the enzyme.

33

Figure 11 Extent and Rate of BoNT/E clipping. The rate of clipping by BoNT does not vary greatly
between the oxidized and reduced SNAP-25. At higher [BoNT] there was an increase in cleavage of
the reduced sample but not the oxidized sample. Panel B summarizes the densitometry data from
SDS-PAGE analysis (Figure 5) showing greater susceptibility of reduced SNAP-25 to BoNT/E.
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Figure 12 Tryptophan Fluorescence of SNAP-25. The shift in peak fluorescence appears to
saturate, which indicates a protein-membrane interaction. The direction of shift suggests that
unmodified SNAP-25 (black) in solution may be folded such that the trp residue is buried within a
hydrophobic pocket but when SNAP-25 interacts with membranes the trp becomes more exposed to
the solution. Palmitoylated SNAP-25 (red) has a different fluorescence shift indicating that it
interacts with vesicle membranes to a greater extent. As shown in panel B the oxidized SNAP-25
(green) does not exhibit a strong fluorescent shift. However, its initial fluorescence indicates that the
environment around the tryptophan residue is more hydrophilic than for unmodified and
palmitoylated SNAP-25.
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Figure 13 Differential Scanning Calorimetry of DPPC phase transition. Top Panel: The pretransition (green arrow) and Tm for DPPC (blue trace) at 37°C and 42°C respectively. When
SNAP-25 is added (red trace) the pre-transition is abolished and the main transition is decreased by
about 0.25°C. Bottom Panel: When palmitoylated SNAP-25 is added (green trace) the main
transition is increased by about 0.25°C; this shift is in the opposite direction from the shift due to
unmodified SNAP-25.
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Figure 14 Effect of SNAP-25 in Nystatin/Ergosterol Bilayer Fusion. Crude SV preparations showed
a markedly higher fusion signal compared with highly purified (HP) SV preparations. When
treated with BoNT/E, which clips SNAP-25, the fusion signal was greatly reduced.
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Appendix
Sample Green Assay Protocol
Row Name
C+
CB+
BHAM+
HAMSDS+
SDS-

Cell
1-4
5-8
1-4
5-8
1-4
5-8
2-4
5-7

-

+
*

*

Lysate
75µl of
10%

NEM
+

*
*

+
*

*

+
*

*

SDS
+&SD
S

HAM
dry
dry
dry
dry
+
+
dry
dry

Beta
+
+
-

Btn/Strept

*Rinse Water
400-500ml

SOLUTIONS (*=degas)Modified Derek’s (mD)
buffer:
3.57 ml of Derek’s new buffer (150mM NaCl, 50mM
Tris pH7.4, 2mM EDTA, 1% Triton)
2.5 µl of β-ME (100%)

*Green:
4-5 ml of Green
*Green Beta:
3.57 ml of Green
2.5 µl β-ME (100%)

*10% Lysate:
250 µl of SNAP Lysate from 9Apr2007
2.25 ml (3x0.78ml) of mD buffer
2.5 ml

*HAM in TRIS
1M HAM in 1M TRIS Base, pH ~7.3

*20mM NEM:
1.96 ml of Green
40 µl 1M NEM (in EtOH)
1.5 ml

*Biotin in Green (Btn):
3 ml of Green
75 µl of Stock Biotin solution

Transfer wells and solutions to N2 Box (all reactions at RTP)
Add 75 µl of 10% lysate to each well.
--Incubate 20-25 min. start______________ end ____________
Rinse 2x with running water. Shake out well.
Add 5 µl of 10% SDS to SDS wells
Add 100 µl of Green (+) or 20 mM NEM (-) (mix in SDS wells)
--Incubate 120 minutes (at RT). start______________ end ____________
(prepare HAM and Btn solutions)
Rinse 2x with running water. Shake out well.
Add 100 µl of HAM (HAM+,HAM-) or nothing (C+,C-,B+B-)
--Incubate 60 minutes at RT. start______________ end ____________
Rinse 2x with running water. Shake out well.
Add 100 µl of Green (C+,C-,HAM+,HAM-) or Green Beta (B+,B-)--Incubate 15-20 minutes
start______________ end ____________
Rinse 2x with running water. Shake out well.
Add 100 µl of Btn.
--Incubate 60 minutes. Shake out well.
start______________ end ____________
Rinse 6x with running water. Shake out well.
Remove from N2 Box
Add 100 µl of streptavidin diluted 1:100,000 in 1%BSA.
Incubate 30 minutes.
Rinse 6x with running water. Shake out well.
Add 50 µl of ½ strength Femto. Image at 2, 5 and 10 minutes ?
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